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Transmission electron microscopyThe influence of nano-scale reinforcement on the mechanical and microstructural properties of ultrafine-
grained composites was studied. Al matrix (pure aluminum) composites, with a grain size of 230 nm and
B4C and Al2O3 reinforcements with an average size of 50 nm, were fabricated via the accumulative roll
bonding (ARB) process. To evaluate structure and microstructure of the produced composites, X-ray dif-
fraction analysis (XRD) and transmission electron microscopy (TEM) were applied. Mechanical properties
of the specimens were investigated by tensile and hardness tests. The result revealed that in comparison
with monolithic Al (ARBed Al without ceramic particles), the presence of nano-particles enhances specific
strength of composites. Also, the results showed that with increasing ARB cycles, the microhardness of
the composites increases. In addition, the specific strength and microhardness of the composite samples
are higher than those of the monolithic Al. The density of the composite samples and monolithic Al was
measured by the Archimedes method showing that the density decreases in presence of ceramic
particles.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Aluminum alloys have many industrial applications due to their
high specific strength and good corrosion resistance [1]. However,
their mechanical properties such as elastic modulus, strength and
wear resistance are not enough for industrial applications; there-
fore, they are reinforced by various methods. Although there are
so many metallic alloy systems which can be used as a matrix,
most attempts have been concentrated on Al alloys due to their
low density, heat treatment capability, wide range of alloys and
processing flexibility. Al alloys reinforced by ceramic particles have
been widely developed in industry due to their high wear resis-
tance, sufficient hardness, high specific strength and corrosion
resistance [2]. Furthermore, physical properties and electrical con-
ductivity can be affected by particle reinforcement [3]. SiC, Al2O3,
TiC, TiB2 and B4C are usually used as ceramic reinforcement parti-
cles in metal matrix composites (MMCs) [4–6]. It is noticeable that
properties of aluminum matrix composites are affected by rein-
forcement particle characteristics such as type, size and shape as
well as particle distribution [7,8]. For instance, the mechanical
strength can be improved considerably by the addition of Al2O3
particles to the Al–matrix. Also, the presence of B4C particles in
the Al–matrix increases the thermal stability [4,5,9]. In addition,boron carbide is the third hardest technical material after diamond
and cubic boron nitride at room temperature and it possesses an
excellent hardness, outstanding elastic modulus, a low specific
gravity, high wear resistance and high melting point therefore, it
is an appropriate reinforcement in some metal matrix composites
[10].
Recently, some severe plastic deformation (SPD) methods such
as equal channel angular pressing (ECAP) [11–13], high pressure
torsion (HPT) [13] and ARB [14–16] have been used to produce a
nano-structured Al matrix composite with high strength. Among
these methods, the ARB process is an available method for produc-
tion of MMCs in the form of sheets. This process was used for the
first time by present authors for production of nano-structured Al–
SiC composites in 2008 [17]. In this process, after every rolling cy-
cle, a specific strain is introduced into specimen. The amount of
this strain is calculated by following equation [13]:






where t0 is the initial thickness of the stacked sheets, t the thickness
after roll-bonding, and n the number of cycles.
By repeating this procedure, very high strains are introduced
successfully into specimens, and as a result, significant structural
refinement is achieved [18]. In addition to structural refinement,
by increasing the rolling cycles, the reinforcement particles begin
to distribute in the Al matrix and by the final ARB cycles, the
428 M. Alizadeh et al. / Materials and Design 50 (2013) 427–432particles are well distributed [17]. The aim of this research is to
produce Al/Al2O3–B4C nano-composite and nano-structured mono-
lithic Al using the ARB process and to evaluate the microstructure
and mechanical properties of the produced materials.
2. Experimental details
2.1. Materials
As-received commercial purity aluminum (AA 1050) sheets
were cut into 200 mm  40 mm  0.5 mm pieces parallel to the
sheet rolling direction. Al2O3 and B4C particles (with an average
size of 50 nm) were used as reinforcement.
2.2. Sample preparation
Strips of commercial purity aluminum were annealed at 623 K
at ambient atmosphere. The strips were degreased in acetone
and scratch brushed with a 90 mm diameter stainless steel circum-
ferential brush with 0.35 mm wire diameter and surface speed of
14 m s1. To fabricate the composites by the ARB process, four
strips were stacked over each other to achieve a 2 mm thickness,
while about 1.35 wt.% Al2O3 and B4C powders were dispersed be-
tween each of the two layers (Fig. 1a). The stacked strips were fas-
tened at both ends with steel wire to prepare it for the rolling
process. The strips were roll-bonded with a draft percentage of
50% reduction (von Mises equivalent strain of 0.8) in one cycle at
room temperature (first step). At this cycle which was named the
first cycle, the number of Al2O3–B4C layers was three and the num-
ber of aluminum layers was 4. In the next step, the roll-bonded
strip was cut into two strips by a shearing machine and degreased
in acetone, scratch brushed and after stacking over each other,
without Al2O3–B4C particles between them, roll-bonded with a
draft percentage of 50% reduction again. The last step of the pro-
cess (second step) was repeated up to nine cycles without anneal-
ing between each cycle (Fig. 1b). After nine cycles, the Al matrix
composite, including the well dispersed Al2O3–B4C reinforcements,Fig. 1. Schematic illustration of the production process of the Al/ Al2O3–B4C nano-comwas produced. The ARB experiments were carried out, without lu-
bricant, using a laboratory rolling mill with a load capacity of
20 tons. The roll diameter was 230 mm, and the rolling speed (x)
was 15 rpm (133.44 mm s1).
2.3. Microstructural evaluation
Microstructural observations were performed using an optical
and transmission electron microscope (Philips-FEG). The TEM sam-
ples after the ARB process were prepared using electrolytical thin-
ning in an electrolyte consisting of 1/3 HNO3 and 2/3 CH3OH at
subzero temperatures. Thin foils parallel to the rolling plane (roll-
ing direction–transverse direction or RD–TD plane) were prepared
by the ion milling technique.
The XRD measurements were carried out on the RD–TD plane of
the ARB processed sheets. The XRD experiment was performed by
an X-ray diffractometer (XRD, Bruker Advance 2) using Cu Ka1
radiation (k = 0.15406 nm). The data was collected at room tem-
perature with a 2h range between 20 and 100 with a step size
and scan rate of 0.03 and 6 s, respectively. The X-ray tube was
operated at 40 kV and 40 mA. In the present study, Rietveld refine-
ment of XRD patterns was done using MAUD software (by Luca
Lutterotti, 1997–2011, University of Trento-Italy) and the required
structural and microstructural information of the individual phases
was then extracted.
2.4. Mechanical properties
Mechanical properties of the composites were determined by
micro-hardness and uniaxial tensile tests. The tensile test samples
were machined from the ARBed strips oriented along the rolling
direction, according to the 1/5 scale of the JIS-No. 5. The gauge
width and length of the tensile test samples were 5 and 10 mm,
respectively and the length of them was 50 mm. The tensile tests
were conducted at ambient temperature on an Instron testing ma-
chine at an initial strain rate of 8.3  104 s1. To have accurate re-
sults, at least five tensile experiments were conducted on eachposite sheets through the ARB process: the first step (a) and the second step (b).
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specimens was determined as the difference between gauge
lengths before and after testing.
Vickers microhardness (HV) tests, using a load of 15 g for 15 s
(according to ASTM: E 384 standard), were performed on the
cross-section (TD plane) of the ARB processed samples. The length,
width, and thickness of the hardness test samples were 10, 10 and
1 mm, respectively.
The mean value of ten separate measurements taken at ran-
domly selected points on the composite was reported.
2.5. Density test
The density of the specimens was measured by the Archimedes
water immersion method (according to ISO 2738 standard) [19].
The theoretical density of the composites was calculated. The den-
sity of the pure Al, B4C and Al2O3 powders was supposed to be
2.6989, and 2.52, 3.97 g/cm3, respectively.
3. Results and discussion
The XRD pattern of Al–Al2O3–B4C nano-composite produced by
the ARB process after nine cycles (Fig. 2) shows that only Al, Al2O3
and B4C phases are present in this composite and there is no new
phase in the XRD pattern. Since the ARB process is performed at
room temperature, the chemical reaction between the present ele-
ments does not occur. During the ARB process, due to friction be-
tween strips and rolls, the temperature increases, however, it is
negligible for chemical reaction. It has been reported that during
the ARB process the specimen temperature is increased from room
temperature to about 100 C [20] whereas, the required tempera-
ture for reaction is higher than this. For example B4C can react with
Al2O3 at 1900 C [21].
The XRD results show that the percentage of Al2O3 particles in
the composite increases in amount from the originally added
Al2O3 particles in the first ARB cycle. This is attributed to alumi-
num oxides which are formed on the surface of the strips after wire
brushing and before the rolling process. It has been reported that
during specimen preparation, a layer of oxide film is formed on
each surface of specimen [20]. These oxide films are fragmented
during rolling process due to rolling pressure and are introduced
into the specimen. Since there are a large number of free surfaces
in this process, a large amount of oxide film is formed during the
rolling process. After fragmentation, a considerable amount of
Al2O3 particles are introduced into specimen. For instance, as men-
tioned in the experimental section in the first ARB cycle four strips
are used which introduces six interfaces. Therefore, in the first ARB
cycle six oxide layers are created and introduced into ARBed spec-
imen. After several cycles of the ARB process, a large number of
interfaces and consequently a large number of oxide films are
introduced into the specimen. As a result, due to the formationFig. 2. XRD pattern of the Al/Al2O3–B4C nano-composite processed by nine ARB
cycles.of aluminum oxide on the treated surfaces, the percentage of
Al2O3 particles in the composite specimens are a little greater than
the Al2O3 particles that were added initially.
Fig. 3a and b presents a TEM image of the B4C and Al2O3 nano-
particles respectively. The nano-particles have a uniform distribu-
tion. The TEM microstructure and corresponding selected area dif-
fraction pattern of the Al/Al2O3–B4C nano-composite after nine
ARB cycles has been shown in Fig. 4. As can be seen, the reinforce-
ment particles have been homogeneously distributed into the Al
matrix. Reinforcement distribution in the matrix is one of the
effective parameters in the composite properties. The non-unifor-
mity in the reinforcement arrangement can have significant effects
on the mechanical properties of the composites. For example, it has
been reported that yield strength and work hardening increases
with increased clustering whereas the failure strain is significantly
reduced in a clustered microstructure [22]. This is often attributed
to the stress concentration in the particle clusters [23], which may
lead to preferential nucleation and propagation of damage in the
clusters.
It is noticeable that due to high activity and proneness to
agglomeration of nano-particles, one major challenge to manufac-
ture nano-composites is how the reinforcing particles disperse
homogenously throughout the matrix. One way to improve particle
distribution in the matrix is by using the ARB process in production
of nano-composites. In the ARB process, by increasing the number
of cycles, the ceramic particles are distributed in two directions:
the normal direction (ND) and the rolling direction (RD). By pro-
gression of ARB, the number of Al and ceramic layers is increased
and the ceramic particles are distributed in the ND. For example,
after the first ARB cycle the number of Al and reinforcement layers
is 4 and 3 respectively, whereas they reached to 1024 and 768 lay-
ers after nine ARB cycles respectively. The distance between twoFig. 3. TEM micrograph of (a) B4C and (b) Al2O3 particles.
Fig. 4. TEM microstructure and associated selected area diffraction (SAD) pattern of the Al/Al2O3–B4C nano-composite in ninth cycles.
Fig. 5. TEM microstructure of the Al/Al2O3–B4C nano-composite in fourth cycles.
Fig. 6. Variation of microhardness vs. the number of the ARB cycle in the ARBed
nano-composite and monolithic samples.
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about 0.9766 lm after nine ARB cycles. This shows that the rein-
forcement particles are distributed in the Al matrix in the normal
direction. In addition, under the normal roll pressure, the matrix
material is extruded and flows through reinforcement particle
clusters. As a result, dense particle clusters (agglomerated rein-
forcement particles) can be converted to diffuse clusters, and the
distance between the particles constituting the clusters is en-
hanced, this means there is dissociation of the clusters and the
development of the reinforcement distribution. In addition, since
during the ARB process the Al strips are elongated in the RD, par-
ticle clusters are also elongated in the RD due to the strip elonga-
tion. This promotes the cluster expansion and the transition of
dense-to-diffuse clusters, as accompanied by the matrix infusion
between the particles. Therefore, due to the decrease of the Al layer
thickness and elongation during the ARB process: (a) the distance
between cluster particles is increased, (b) clusters are dissociated,
and (c) particle-free zones are contracted. These events cause to
number of dense particle clusters and diffuse clusters to decrease
and cause the particles to disperse homogenously throughout the
matrix. It should be noted that the dense particle clusters are
denominated as particle agglomerations where no matrix material
is present between the particles, while particle clusters with some
amount of the matrix material between the particles are denomi-
nated as diffuse clusters [24]. Fig. 5 shows the TEM microstructure
of the Al/Al2O3–B4C nano-composite after four ARB cycles which
consists of a particle agglomeration. It is noticeable that this parti-
cle agglomeration is eliminated in higher numbers of cycles.
Fig. 4 shows that after nine ARB cycles, an ultra-fine grained
matrix with an average size of 230 nm is present in the specimen.
Tsuji et al. suggested that the formation mechanism of these ultra-
fine grains in the ARB process is grain subdivision [15]. In the initial
ARB cycles, due to applied strain, dislocations are produced, their
density is increased and dislocation cell structure is created [25].
In the intermediate ARB cycles the dislocation density in cells de-
creases and the cell size become fine. Ultra-fine grains and sub-
grains are also created in the specimen during these cycles [25].
In the final cycles the ultra-fine grains are completely developed
in the specimen [25].
In both the composite specimen (regardless of the ceramic par-
ticles) and monolithic Al specimen, hardness is increased with
increasing number of ARB cycles. This is attributed to strengthen-
ing mechanisms which are activated during the ARB process, such
as strain hardening (based on the density of dislocations and inter-
action between them) and grain refinement [26]. It is noticeable
that the hardness of metals increases proportionally to the minussquare root of the grain size (d1/2), which is called the Hall–Petch
relationship.
It has been reported that strain hardening which occurs in the
initial ARB cycles, has more effect on increasing microhardness
than the grain refinement [27]. For example, as is seen in Fig. 6,
Fig. 7. OM micrograph of commercial pure aluminum after wire brushing and
before ARB process with different magnifications.
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approximately 2.5 at a strain of 0.8 (first cycle). In the intermediate
ARB cycles, the microhardness growing rate is relatively low, since
the contribution of the strain hardening on the microhardness
increasing is considerably reduced. According to the literature
[26], in these cycles, the increase of microhardness has been attrib-
uted to the grain refinement. In the final ARB cycles, since materi-
als reach the steady-state density of dislocation, the increase in
microhardness stops and it remains at a steady-state value [26].
The presence of the ceramics nano-particles in the Al matrix
during the ARB process affects the existing strengthening mecha-
nisms and can also activate other strengthening mechanisms such
as the Orowan strengthening mechanism in the matrix. For in-
stance, during the ARB process, the ceramic particles increase dis-
location density in the interface particles and the Al matrix due to
the following reasons: (a) strain incompatibility between alumi-
num and ceramic particles, (b) difference in thermal expansion be-
tween aluminum and ceramic particles after the ARB process and
during cooling [28–30]. As a result, grain refining is accelerated
and the grain size in the matrix becomes smaller than that in the
unreinforced aluminum [30]. Therefore, the microhardness values
in the Al/Al2O3–B4C composites after initial ARB cycles are higher
than unreinforced aluminum. In addition, due to high hardness
of ceramic particles (for B4C about 2900–3580 (kg mm2)), the
hardness of the composite is also increased [31].
Table 1 lists some mechanical and physical properties of the
raw materials, monolithic Al, and Al/Al2O3–B4C nano-composite.
As it can be seen form Table 1, the density of as received pure Al
strips is more than that of monolithic Al and also the density of
monolithic Al is more than that of the Al/Al2O3–B4C nano-compos-
ite. The difference between densities of these materials is attrib-
uted to the percentage of the porosity in them. The creation of
the porosity is regarded from two viewpoints: the non adequate
welding between aluminum strips, and the presence of ceramic
particles and particle clusters between Al layers. In the ARB pro-
cess, a wire brushing step is done before every cycle in order to cre-
ate a hard and brittle layer. Fig. 7 shows a wire brushed surface
with different magnifications. As it can be seen, there is some tear-
ing and some striations along the wire brushing direction. The
existence of a hard and brittle layer on the surface of the strips is
essential for the creation of successful bonding in the ARB process.
During the ARB process, the hard and brittle wire brushed surface
of strips is joined together by atom-to-atom bonding [26,32]. In
fact, two strips are welded to each other due to rolling pressure.
The effective weld area (or weld efficiency) between the two strips
depends on following parameters [32]: (a) the metal under consid-
eration, (b) the amount of deformation, (c) the amount of contam-
ination layers (such as oxides, grease, humidity, and dust particles)
between the surfaces of two strips, (d) the temperature of welding,
(e) the metal purity, and (f) the surface preparation. These param-
eters should be at an optimum value to ensure appropriate bond-
ing is created. However, in this study, the ARB process is
performed at room temperature and 50% thickness reduction, theTable 1






Specific strength (N m/
kg)
B4C 2.52 - -
Al2O3 3.97 - -
Pure Al 2.6989 50 1.852  104
Monolithic
Al
2.6131 165 6.314  104
Al/B4C–Al2O3 2.5612 269 10.5  104weld efficiency or weld area is not 100% (according to our previous
study [33] it is about 65%) and therefore there is some porosity be-
tween the bonded strips. The presence of the mentioned porosity
decreases the density of the ARBed samples in comparison with
the pure aluminum. Furthermore, the presence of the ceramic par-
ticles can act as contamination on the surface of the strips and de-
crease the effective weld area between the two strips by inhibiting
a successful bond between them; therefore, the percentage of
porosity in the specimens is increased and consequently the den-
sity is decreased. In addition, there may be some particle agglom-
eration in the composite specimens during powder dispersing. It
has been reported that there is porosity in the particle agglomera-
tions which decreases the density of specimen [32,33]. As is seen
from Table 1 the density of the Al/Al2O3–B4C nano-composite is
lower than that of the ARBed pure Al (monolithic Al).
The specific strength of the as received pure aluminum and
ARBed specimens was calculated and compared. The specific
strength is the material’s strength (force per unit area at failure) di-
vided by its density. Comparison of the specific strength of the as
received pure aluminum with the monolithic Al and the Al/
Al2O3–B4C nano-composite shows that, the ARB process increases
the specific strength by a considerably amount. The specific
strength of the ARB processed pure Al is about 3.4 times larger than
that of the as received pure Al. As mentioned above, the specific
strength of a material depends on its density and strength. It has
been reported that in the ARB process, the strength is increased
dramatically and sometimes it reaches about 3 times of the start-
ing material due to dislocation strengthening and boundary
432 M. Alizadeh et al. / Materials and Design 50 (2013) 427–432strengthening [31], which increases the specific strength. As is seen
in Table 1, the strength and specific strength of the Al/Al2O3–B4C
nano-composite is higher than that of monolithic Al. This is attrib-
uted to the presence of reinforcement particles in the Al matrix
during the ARB process.4. Conclusion
In this study, Al/Al2O3–B4C composites and monolithic Al were
fabricated in the form of sheets via the ARB process. The micro-
structure and mechanical properties of these materials were inves-
tigated and compared. According to the results, it can be concluded
that:
(1) The XRD results show that the Al/Al2O3–B4C nano-composite
was successfully produced via the ARB process without any
additional phase.
(2) The microhardness of the composites and pure Al increased
with increasing the amount of ARB cycles.
(3) The specific strength and microhardness of the composite
samples are higher than those of the monolithic Al.
(4) The density of the ARB processed materials is lower than
that of as received pure Al.
(5) The presence of ceramic particles in the Al matrix increases
the porosity and consequently decreases the density.
(6) The ARB process is an available method for elimination of
present nano-particle agglomerations in the matrix.
(7) A homogeneous distribution of nano-particles is achieved
during the ARB process due to the increase of layers and
elongation along the rolling direction.References
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